Abstract-This paper investigates the orthogonal frequency and code division multiplexing (OFCDM) systems with multiple input multiple output multiplexing (MIMO-OFCDM) and multicode transmission. Combining the iterative detection in the space domain and the hybrid multi-code interference (MDI) cancellation and minimum mean square error (MMSE) detection in the frequency domain, a joint iterative detection is proposed, which enables space and frequency diversity gains to be jointly exploited. Moreover, using a two-dimensional (2-D) averaging channel estimation algorithm, a close form expression is derived for the optimal power allocation between the pilot and all data channels that achieves the best system performance. It is shown that the optimal power ratio mainly depends on the channel estimation algorithm, the number of transmit antennas as well as the number of pilot and data symbols in a packet, but is not sensitive to the changes in signal-to-noise ratio (SNR) and diversity gains. Simulations are conducted to verify the derived optimal power ratio and study the performance of the proposed joint detection algorithm. It is shown that considerable improvement can be obtained when the number of loops in the joint iterative detection increases. Moreover, the system performance is enhanced significantly when the frequency domain spreading factor, NF , increases.
I. INTRODUCTION
M ULTIPLE-INPUT and multiple-output (MIMO) multiplexing is an efficient technique to in crease the data rate. By transmitting independent data on different antennas simultaneously, MIMO can increase the data rate linearly with the minimum number of transmit and receive antennas [1] - [2] . On the other hand, combining OFDM with two-dimensional (2-D) spreading [3] - [4] , orthogonal frequency and code division multiplexing (OFCDM) [5] is a promising wireless access technique for the broadband downlink transmission. Based on OFDM, OFCDM can combat the severe multipath interference. Moreover, 2-D spreading provides additional benefits. With the introduction of time domain spreading, the system can provide flexible transmission rates. Furthermore, frequency diversity gain is achieved through frequency domain spreading. Although frequency diversity gain can be obtained by channel coding as well, the gain is limited due to the limited coding rate and constraint length [6] - [7] . Therefore, even in channel coded systems, frequency domain spreading should still be employed to provide additional diversity gain. Meanwhile, because of 2-D spreading, the data rate of the OFCDM system is reduced to 1/N , where N = N T × N F is the total spreading factor, and N T and N F are the time domain and frequency domain spreading factors, respectively. To increase the data rate, multi-code transmission can be employed. Using orthogonal variable spreading factor (OVSF) codes [8] as the spreading codes, there are N T and N F different codes in the time and frequency domains, respectively. Hence, up to N = N T × N F orthogonal 2-D codes are available, and the system can provide various service rates by assigning different number of 2-D codes to one single user.
The OFCDM system with single antenna (SISO-OFCDM) has been widely investigated [9] - [11] . However, there are only few published works on the MIMO-OFCDM system. With only time domain spreading, the performance of MIMO-OFCDM was investigated in [12] - [13] , where a sub-optimum maximum likelihood detection (MLD) method was considered. In [14] , to resolve the near-far problem, transmission power was optimized for a convolutionally coded MIMO-OFCDM system using single-code transmission. This paper considers the MIMO-OFCDM system with 2-D spreading and multi-code transmission, where the desired data signals are interfered by not only co-channel signals from other transmit antennas (or multi-antenna interference (MTI)), but also multicode interference (MDI) from other code channels. Although the MLD achieves the optimal performance, it is practically infeasible since its complexity increases exponentially with the number of antennas and code channels. On the other hand, various sub-optimum detection algorithms have been proposed for MIMO systems, such as successive interference cancellation (SIC) [15] - [17] . Based on zero-forcing SIC (ZF-SIC), a multi-loop iterative detection in the space domain was proposed [18] . Moreover, in the frequency domain, a multistage hybrid MDI cancellation and MMSE detection provides superior performance to the pure MMSE (or conventional MMSE) detection [10] - [11] . Combining the iterative detection in the space domain and the hybrid detection in the frequency domain, a joint iterative signal detection is proposed. It will be shown that the performance of the MIMO-OFCDM system is significantly enhanced due to the frequency and space diversity gains obtained by using the joint detection.
Meanwhile, in SISO-OFCDM, it has been shown by simulation and numerical evaluation that the quality of channel estimation is critical to the system performance [10] - [11] . It is therefore important to investigate the performance of MIMO-OFCDM systems with imperfect channel estimation. Under limited transmission power at each antenna, the channel estimation is optimized by using the optimal power allocation (or power ratio) between the pilot and all data channels (β/K) that achieves the best system performance. By minimizing the mean square error (MSE) during signal detection, a close form expression for the optimal power ratio β/K is derived in this paper. The optimal power ratio is shown to depend on the channel estimation algorithm, the number of transmit antennas as well as the number of pilot and data symbols in a packet, but is not sensitive to other system parameters such as signal-to-noise ratio (SNR), the number of receive antennas, and frequency domain spreading factor.
The rest of the paper is organized as follows. Section II introduces the basic structure of the MIMO-OFCDM system and the channel model. Section III describes the channel estimation algorithm and the joint iterative detection algorithm. A close form expression is derived in Section IV for the optimal power ratio between the pilot channel and all data channels. Then simulation results are presented in Section V to verify the derived optimal power ratio and demonstrate the performance of MIMO-OFCDM with the joint detection. Finally, conclusions are drawn in the last section.
II. SYSTEM DESCRIPTION

A. System Model
The transmitter of the MIMO-OFCDM system is shown in Fig.1(a) . Information bit streams are firstly serial to parallel (S/P) converted into n t sub-streams, corresponding to n t transmit antennas. At each antenna, information bits are processed by a 2-D spread OFCDM with multi-code transmission, where each sub-stream is further S/P converted into K streams, corresponding to K data codes. For each code, data bits are mapped to symbols and S/P converted into M/N F symbol streams, where M is the total number of sub-carriers. Using the dedicated code, each data symbol is 2-D spread with a factor of N = N T × N F . Assuming N = 4 × 2, an example of 2-D spreading is shown in Fig.1(b) . The data symbol is firstly spread in the time domain, then duplicated into N F copies in the frequency domain and multiplied by the frequency domain spreading code. In order to achieve good frequency diversity gain, N F interleaved sub-carriers are employed instead of N F consecutive sub-carriers. After 2-D spreading, a code multiplexer is employed to combine the signals spread by K different 2-D codes, realizing the multicode transmission. To provide high data rate, a full loaded system with K = N is considered. At the same time, a time-multiplexed pilot channel [12] is employed for channel estimation. Known QPSK modulated pilot symbols are S/P converted into M sub-streams and spread in the time domain using OVSF codes with length N P . The spread pilot signals pass through the time multiplexer with data signals, followed by the IFFT block, guard interval insertion and the pulse shaping filter. It should be noted that other pilot structures can also be employed. For example, when different antennas transmit pilot symbols over distinct sub-carriers, orthogonal pilot channels among transmit antennas are realized in the frequency domain within one single OFCDM symbol duration. Then, channel information on each sub-carrier can be obtained from the ML estimator or MMSE estimator [19] . Since the proposed approach of deriving the optimal power ratio in Sec. IV can be applied to different pilot structures and channel estimation algorithms, the time multiplexed pilot structure is employed as an example.
The resultant signal packet structure at each antenna is shown in Fig.2 . The packet structure is the same at all transmit antennas, except that the pilot channels at different antennas are spread with different OVSF codes, so that they can keep orthogonal to each other in the code domain after passing through a slow fading channel. In the time domain, the packet starts with N P OFCDM symbols for pilot, followed by N D symbols for data transmission. The duration of each OFCDM th OFCDM symbols carry another data symbol, and so on.
B. Channel Model
Although the broadband MIMO-OFCDM system experiences a highly frequency selective channel, the signal transmitted on each sub-carrier experiences a flat fading channel. 
where (·) * stands for the conjugate operation, Δf is the frequency separation between the m th 0 and m th 1 sub-carriers and Δf c is the coherence bandwidth of the channel. For different transmit or receive antennas, the channel fading is assumed to be independent to each other.
III. JOINT ITERATIVE SIGNAL DETECTION
A. Channel Estimation
At the receiver, after FFT, the pilot signal (i ∈ [0, N P − 1]) on the m th sub-carrier of the q th antenna is given by
where η q,i,m is the background noise term with zero mean and variance σ 2 n . To obtain precise channel information, a two-dimensional (2-D: time and frequency domains) average channel estimation is employed [21] . Firstly, using the time domain despreading, a preliminary estimation of the channel on the m th sub-carrier from the p th transmit antenna to the q th receive antenna is given by (5) , where ν q,p,m is the AWGN noise with zero mean and variance
where
symbols. The preliminary estimation h q,p,m can be further smoothed in the frequency domain by exploiting the correlation of channel fading among adjacent sub-carriers
where α 0 = 1 and
The performance of this 2-D average channel estimation algorithm has been investigated in [21] . It was shown that in highly frequency selective channels, a proper size for the frequency domain averaging should be W = 1 and α 1 should take a value between 0.6 and 1.0. Letting
the MSE of the channel estimation is given by (8) , where
and
B. Joint Iterative Detection
Without loss of generality, consider the data signals received on the 0 
NF . In highly frequency selective channels, codes from Ω F cause severe MDI to the desired code because their orthogonality in the frequency domain is distorted by the frequency selective fading on sub-carriers. On the other hand, in a slow fading channel, the orthogonality in the time domain between any codes from Ω T and the desired code is maintained. Thus, there is no MDI from Ω T . To keep the MDI small, the 2-D codes with different time domain spreading codes should be assigned for data transmission first [22] . Using this code partition, the signal after time domain despreading is given by (9) , where
is the number of codes in Ω F , and ε q,m is the noise term with zero mean and variance σ 2 n N T . It can be seen that the desired signal d p,k is corrupted by MTI in the space domain generated by signals sending by other transmit antennas, as well as MDI in the code domain generated by signals radiated by the same antenna but on different 2-D codes from Ω F .
A joint iterative signal detection algorithm is proposed for the MIMO-OFCDM system to recover the desired data from the outputs of the time domain despreader. An example with four transmit and receive antennas is shown in Fig.3 . It can be seen that the algorithm is composed of multi-loop iterative detection in the space domain with multi-stage hybrid detection in the frequency domain within each loop. In the 0 th loop, ZF-SIC is employed in the space domain. At each antenna, hybrid detection is used to further detect the data symbol transmitted on each code. In later loops, since tentative data decisions have been obtained in the previous loop, a MTI cancellation can be carried out, after which the multi-code signal at each transmit antenna can be collected by maximum ratio combining (MRC). A detailed description of the joint iterative detection is given as follows.
1) Operations in the 0
T as the time domain despreader outputs at the n r receive antennas on the m th sub-carrier.
T stands for the n t × 1 transmitted signal column vector. Hence, the time domain despreader outputs can be rewritten in matrix form
represents the n r × n t channel matrix on the m th sub-carrier,
T is a n r × 1 channel vector,
T is a noise vector.
In the 0 th loop of the joint iterative detection, ZF-SIC is employed in the space domain. The QR decomposition of the estimated channel matrix H m is expressed as H m = Q m R m , where the element of H m is given by (7), Q m is a n r × n t orthogonal matrix and R m is a n t × n t upper triangular matrix. After multiplying Z m with the hermitian transpose of Q m , i.e., Q H m , the signal is given by 
where M SE h is the MSE of the channel estimation given by (8) and I nt is the n t × n t identity matrix. Due to the upper triangular structure of R m , the p th element of Υ m can be expressed as
where r m,i,j is the element on the i th row and j th column of R m , and δ p,m is the p th element of the noise vector with zero mean and variance σ 2 . It can be seen that for p = n t − 1, γ nt−1,m is free of MTI and can be used to estimate the signals at the (n t − 1) th transmit
T denote the data symbols carried by the K C + 1 codes and the channel noise on the N F interleaved sub-carriers, respectively,
T , can then be expressed as
A multi-stage hybrid MDI cancellation and MMSE detection [10] is employed in the frequency domain to recover the data symbols transmitted by the (n t −1) th antenna. At the 0 th stage of hybrid detection, the input signal is processed directly by a pure MMSE combining without MDI cancellation, whose weighting matrix is given by
Assuming a full-loaded MIMO-OFCDM system with K = N , (14) can be simplified and the MMSE weight on the m th subcarrier for the k th code is given by 
the (n t − 2) th transmit antenna, γ nt−2,m , is interfered by data signals from the (n t − 1) th transmit antenna. This MTI can be regenerated by using d
nt−1,KC . After MTI cancellation, the resultant signal is further processed and the data at the (n t −2) th transmit antenna are recovered. Similarly, the data at the p th transmit antenna can be obtained given the tentative data decisions at the (p + 1)
th to (n t − 1) th transmit antennas.
2) Operations in Later Loops: After the 0 th loop, a set of initial data decisions are obtained for all transmit antennas. Since ZF-SIC is employed in the 0 th loop, the performance is limited by the signal quality of the first detected antenna, i.e., the (n t − 1) th antenna, whose space diversity order is (n r − n t + 1). However, as shown in Fig.3 , in later loops, MTI cancellation is carried out to detect the signal transmitted on the (n t − 1) th antenna. Applying MRC combining, the diversity order of the decision variable is increased to n r , and the performance should be improved. To be more specific, with the estimated channel information H m and the tentative data decisions obtained in the 0 th loop, i.e., d
for p = 0, · · · , n t − 2 and k = 0, · · · , K C , the MTI suffered by the signal transmitted on the (n t − 1) th antenna can be regenerated as (19) where
and H m,nt−1 is a n r × (n t − 1) channel matrix with the (n t − 1)
th column in H m removed. Define D m,nt−1 as a (n t − 1) × 1 vector with the (n t − 1) th element in D m removed and H m,nt−1 as a n r × (n t − 1) channel matrix with the (n t − 1)
th column in H m removed. After MTI cancellation, the resultant signal is given by 
m,nt−1 , the hybrid detection can be employed in the frequency domain to recover the data on each code of the (n t − 1) th transmit antenna, i.e., d For an L-loop joint iterative detection with S-stage hybrid detection, the operation at the 0 th loop is composed of QR decomposition, S-stage hybrid detection and ZF-SIC. Since the QR decomposition of a n r × n t matrix is needed on M -sub-carriers, the complexity is O M n 2 t n r in terms of the number of multiplications. As to the S-stage hybrid detection carried out over every N F sub-carriers for each transmit antenna, the complexity is given by O (M SKn t ) with M -sub-carriers and n t transmit antenna. Moreover, the complexity of ZF-SIC is O (M n t n r ). Generally, SK > n t . Thus, the complexity of the 0 th loop is dominated by that of the QR decomposition and hybrid detection, given by O M n 2 t n r + M SKn t . In later loops, the operation is composed of MTI cancellation, MRC and S-stage hybrid detection. With M -sub-carriers, the complexity of MTI cancellation and MRC is of the order of O M n 2 t n r . Using the complexity of the S-stage hybrid detection derived before, the complexity of later loops is O M n 2 t n r + M SKn t . Therefore, the whole complexity of the L-loop joint iterative detection is O (LM n t (n t n r + SK)).
IV. OPTIMAL POWER ALLOCATION
In practice, the total transmission power is limited and should be suitably assigned to the data channels and the pilot channel. If too little power is allocated to the pilots, the channel estimation will be inaccurate and the system
performance will degrade. On the other hand, if the data channels have low power, they become vulnerable to channel noise and the resultant system performance is also poor. Assume that the transmission power at each antenna is fixed and given by 
The objective of the optimal power allocation is to find the β or β/K that achieves the best system performance for a given SN R b .
Since the joint iterative detection is based on ZF-SIC, the performance at the firstly detected antenna (or the (n t − 1) th transmit antenna) plays an important role to the whole system performance. The proposed optimal power allocation scheme aims to provide the best performance at the (n t −1) th antenna after the 0 th stage of hybrid detection (or pure MMSE) in the 0 th loop. As described in Sec. III, after multiplying by the Q H m matrix, the resultant signal for the (n t − 1) th antenna is free of MTI. Then, pure MMSE detection is carried out to collect the desired data from N F interleaved sub-carriers. Referring to (13) , the MSE covariance matrix is given by
whose diagonal elements stand for the MSE on each data code. Assuming a full loaded MIMO-OFCDM system with K = N , the diagonal elements are the same and given by
Since the total transmission power at each antenna P tot is fixed and P d varies with β, the optimal power ratio is obtained by minimizing the normalized MSE, i. 
2 can be obtained from (11) . Next, P d is related to β by (see (22))
Substituting (25), σ 2 and (26) into the objective function, we obtain (27). (27) has a unique global maximum at β opt /K, which is the solution of the derivative equation
As SN R b approaches infinity, B/A comes near to zero, and (28) can be simplified to
It can be seen from (28) that the derived β opt /K only depends on SNR and the properties of the channel estimation represented by A H , B H and C H , the spatial efficiency n t /N P and the time efficiency N D /N P . This is because the pilot channels at different antennas are orthogonal to each other. The channel estimation is free of MTI or MDI and only corrupted by background noise. Moreover, β opt /K increases with SNR. When SNR is small, the system performance is dominated by the channel noise. More power should be allocated to data channels to combat the background noise. As SNR increases, the effect of channel noise reduces and 
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the channel estimation error plays a more important role in determining the system performance. Thus, more power is allocated to the pilot channel to obtain accurate channel information. When SNR is sufficiently large, as shown in (29), β opt /K is decided by the properties of the channel estimation and system parameters n t , N P , and N D . It can also be seen that the derived β opt /K is not related to the number of receiving antennas n r or the frequency domain spreading factor N F since n r and N F have no influence on the channel estimation quality or the amount of channel noise experienced by data channels. However, the system performance improves as n r and N F increase due to the larger space and frequency domain diversity, respectively. Moreover, the derived β opt /K aims to provide the best performance at the (n t − 1) th antenna after the 0 th stage of hybrid detection (or pure MMSE) in the 0 th loop. Yet using the joint iterative detection, the whole system performance is much better than that in the 0 th loop. So the system is more robust to the background noise than that with MMSE detection and more power than that indicated by (28) should be allocated to the pilot channel, especially at low SNR. Hence, (28) provides a lower bound for the β opt /K achieving the best system performance. On the other hand, by ignoring the effect of background noise, (29) is an upper bound for the β opt /K. In fact, as verified in the next section, (29) provides an accurate estimation for the β opt /K with various system conditions.
V. PERFORMANCE EVALUATION
The configuration of the MIMO-OFCDM system is shown in Table I . Using these parameters, the total number of infor- 5 . Given Δf c , the correlated Rayleigh fading channels can be generated according to [23] . When evaluating the quality of channel estimation, the parameters A H , B H and C H are calculated as A H = 0.34 , B H = 7.42e − 5 and C H = 0.99. Thus, the power ratio between the pilot channel and all data channels can be obtained from (29) as β/K = 2.02. All simulation results are obtained after at least 1000 bit errors are collected.
A. Verify Derived Optimal Power Ratio
First of all, the derived optimal power ratio (see (29)) is verified by simulation results. Given n t = n r = 4 and N P + N D = 52, the average BER of the recovered symbols at four transmit antennas is shown in Fig.4 as a function of β/K with different number of pilot symbols N P . In general, it can be seen that when β/K is small, the pilot channel has small power and the channel estimation quality is poor. Thus, the system performance is poor and the average BER is high. When β/K increases, the BER reduces as the quality of channel estimation improves. The BER reaches a minimum value for a particular value of β/K. Further increasing β/K beyond that value increases BER due to too little power assigned to data channels. With N P = 32, 16, 8, and 4, the minimum average BER is achieved when β/K is around 0.15, 0.45, 1.0 and 2.0, respectively. Correspondingly, using (29), the analytical optimal power ratios can be calculated as 0.16, 0.44, 0.97 and 2.02, respectively, which match well with the simulations. Moreover, given N P = 4, simulation results are also shown for the system using the channel estimation algorithm with W = 0 and only time domain averaging is used. In this case, A H = 1.0, B H = 0, C H = 1.0, and the derived β opt /K = 3.46. Again, the analytical result coincides with the simulations. It can be seen that the optimal power ratio decreases from 3.5 to 2.0 when W increases from zero , the system performance is improved and less power is needed on the pilot channel. Furthermore, using W = 1, the system is more robust to the changes in β/K since near optimum performance can be achieved when β/K varies between 1.0 and 7.0. Therefore, the 2-D averaging channel estimation is preferred to the time averaging one not only due to better system performance but also due to the increased robustness to the changes in β/K. Moreover, although the analytical optimal power ratio is derived by minimizing the MSE on the (n t − 1) th antenna after the 0 th stage of hybrid detection in the 0 th loop, it turns out that after 4-loop joint iterative detection, low BERs are achieved for all antennas as well.
Next, given N P = 4 and n r = 4, the average BER is shown in Fig.5 as a function of β/K with different N F and n t . First of all, it can be seen that the system performance is greatly enhanced when N F increases from 1 to 8 and 16 due to the increased frequency diversity gain. But the near optimum performance is always achieved when β/K takes values around 2.0 and matches with the analysis. On the other hand, when SN R b = 5dB, n t = 2 and n r = 4, the system obtains a receive diversity gain and achieves the best performance when β/K is around 1.5. Using (28) and (29), the β opt /K can be calculated as 1.35 and 1.43, respectively, both matching with the simulation. Considering the increased robustness to channel noise due to the receive diversity gain, more power than that indicated by (28) should be allocated to the pilot channel. Thus, (29) is a more appropriate estimation for the β opt /K. In summary, it has been verified that the β opt /K obtained from (29) works well for the system with various frequency diversity or receive diversity gain. Moreover, it is also illustrated in Fig.6 that the derived β opt /K matches with the simulations with different system parameters such as SNR, sub-carrier correlations and number of stages in the joint iterative detection.
In summary, the simulation is consistent with (29) that the optimal power ratio is mainly determined by the quality of channel estimation, while SNR, diversity gains, sub-carrier correlations and detection algorithms have little effect on the value of β opt /K. The derived optimal power ratio (29) is shown to be accurate with various system configurations and channel conditions. In the rest of the paper, n t and N P are fixed to 4 and β/K is set to 2.0 which is a near optimum power ratio.
B. Performance of Joint Iterative Detection
Given SN R b = 12dB and N = 4 × 16, the effect of the number of loops in the joint iterative detection is investigated in Fig.7 . As a comparison, the BER of the OFCDM system with single antenna (SISO-OFCDM) is also plotted, where only the hybrid detection can be employed to exploit the frequency domain diversity and there is no space diversity. Similarly, the BER of the MIMO-OFCDM system without frequency domain spreading (i.e., N F = 1) is also shown, where only the iterative detection in the space domain can be employed and there is no frequency diversity. It can be seen that for SISO-OFCDM or the MIMO-OFCDM with N F = 1, the iterative detection can improve the system performance, but the improvement is limited. However, when the joint iterative detection is employed in the MIMO-OFCDM with N = 4 × 16, the performance is enhanced significantly when the number of loops increases. This is due to the fact that using the proposed detection, the MIMO-OFCDM can jointly exploit the diversity gains in both space and frequency domains. A second observation is that from the 0 th to 1 st loop in the joint iterative detection, the BER reduction is significant. The improvement in BER between the 1 st loop and 2 nd loop is also considerable. However, the improvement is insignificant beyond the 4 th loop. Finally, it can also be seen that the BER differences among the four antennas reduce as the number of loops increases. The reason is that in the 0 th loop, ZF-SIC is employed in the space domain which provides no space diversity gain for the (n t − 1) th antenna while later detected antennas can obtain greater space diversity. Therefore, the BER at the 0 th antenna is much lower than that at the (n t − 1) th antenna. However, in later loops, MTI cancellation and MRC are carried out in the space domain. In this case, signals at all antennas achieve similar space diversity gain and the BERs on all antennas are therefore close to each other. As a conclusion, for the MIMO-OFCDM, a 4-loop joint iterative detection with 2-stage hybrid detection is sufficient to provide good performance.
The performance of MIMO-OFCDM is illustrated in Fig.8 as a function of SNR. The average BER on four transmitting antennas is shown for each loop. It is shown that the BER improves as the number of loops increases, especially at larger SNR. The BER gap between the 0 th and 1 st loop is considerable, while for later loops, the performance improvement reduces. This is consistent with that in Fig.7 . Fig.9 illustrates the effect of sub-carrier correlation ρ 0,NB on the BER performance, where N B = M/N F and ρ 0,NB is the correlation between adjacent sub-carriers carrying the same data symbol. Given a system bandwidth, the number of sub-carriers M and spreading scheme N = N T × N F , the correlation coefficient ρ 0,NB varies with channel coherence bandwidth Δf c . It can be seen that when ρ 0,NB is very low, e.g., less than 0.1, the BER is high. The reason is that the system employs a 2-D averaging channel estimation algorithm with W = 1 and α −1 = α 1 = 0.8, which become inappropriate for an extremely frequency selective channel with very low ρ 0,NB . When ρ 0,NB increases, the BER reduces as better channel estimation is obtained. As a comparison, the BER with W = 0 is also shown for the 4 th loop. It can be seen that without frequency domain averaging, the channel estimation Fig. 9 . System performance as a function of sub-carrier correlations quality is not affected by the sub-carrier correlation and the system performance keeps stable at low ρ 0,NB . Although the 2-D average channel estimation with fixed parameters is not as good as the one with only time domain averaging at low ρ 0,NB , it works well for most correlation conditions. On the other hand, when ρ 0,NB increases further, the frequency diversity gain obtained from the frequency domain spreading decreases, resulting in a degraded BER. However, the BER degradation is negligible for ρ 0,NB ≤ 0.7.
Finally, the performance of MIMO-OFCDM is shown in Fig.10 as a function of the frequency domain spreading factor N F . When N F increases, the performance of MIMO- OFCDM improves. Since the system load K/N is fixed, the performance enhancement resulted from a larger N F is not due to the spreading gain, but due to the increased spatial and frequency diversity gain. In the 0 th loop, the BER is flat and the improvement is minimal because the system performance is limited by the (n t − 1)
th antenna which has no space diversity gain. However, in later loops, there is significant performance improvement when N F increases since each antenna can benefit from both space and frequency diversity. When N F becomes larger, the tentative data decisions in previous loops are more precise, and the MTI is regenerated with higher accuracy. After MTI cancellation and MRC combining, more space diversity gain can be obtained. Meanwhile, when N F increases, the frequency spacing between the subcarriers carrying the same data symbol is decreased and the corresponding correlation ρ 0,NB is increased. Given a fixed coherence bandwidth of Δf c = 1MHz, when N F increases from 1 to 64, ρ 0,NB increases from 0.0 to 0.54. However, as illustrated in Fig.9 , only when the sub-carrier correlation is larger than 0.7, the degradation in BER performance will be obvious. Therefore, as a whole, the system performance improves when N F increases from 1 to 64. However, it can be expected that the improvement in system performance would become marginal if N F increases further.
VI. CONCLUSION
A joint iterative detection algorithm has been proposed for the MIMO-OFCDM system in this paper. A close form expression has been derived for the optimal power ratio (β opt /K) to achieve the best system performance. It has been shown that β opt /K is mainly decided by the channel estimation algorithm, the number of transmit antennas as well as the number of pilot and data symbols in a packet, while it is not sensitive to the changes in SNR and diversity gains. The system performance has been investigated extensively by simulations. Under various channel conditions, the proposed joint iterative detection algorithm significantly enhances the system performance by jointly exploiting the space and frequency diversity gains. Considerable improvement in BER could be obtained when the number of loops increases but with diminishing returns. The system performance also improves significantly as the frequency domain spreading factor, N F , increases.
